
. .  

I -  

* .  

, ' .  . 
- -  

/ - \ 
. ,  1 i - 



k 

A0 
B 

C 

cP 
D 

E 

eV 

F 

G 

- 

f 

*P 

If 
h 

'1 
- 
J 

3 

Ki 

ka 
kr 

A l t i t u 3  

fivgaiiros nuzber = 6. G25 x 

Indicates degendence on bo6y shape 

Fart ic le  concentration 

Xclar heat capacity of the i t h  pa r t i c l e  species 

M a t e r  of re-entry body 

ELectric f i e l d  intensi ty  

garticleslniole 

Xlectron 

F F F 

G1+G3 

Fre quency 

Flaslca frequency 

G e a T e t b  factor f o r  t k e  electron density 

Gemetry  fgctor for  the col l i s ion  frequency 
1 2 3  

J5qgietic f i e l d  Intensity 

Heat of the i th  reaction 

Unit vector 

Current density representing a radiation, source 

F 
Eqyilibrium constant f o r  the ith reaction 

Dissociation r a t e  constant 

Re-cabination rate constant 

9' m2 e p t i o n s  are written in E U Z ~  a f ~ m  tt.,a% a rb i t r s ry  u i t s  can be 
?-lsed in coocistency with the uiits G i - J t r !  in the L i s t  af Symbols. 





k 

P 

P 

Q 

9e 

RO 

s 

T 

t 

v 
<ve > 
U 

P 
P O  

Bol tmam' s  constant = 1.38 x Joules/ 

LoscWdt nm3er 2.687 x 1C 19 Ijarticles/cm 3 

Average xzolecular weight 

vass of one electron = 9.107 x 1 c - S  ~g 

zle c tron dens i ty/cm 3 

Electron density behicd normal shock 

€article density of the i t h  species 

bdex of refraction 

h'eSSUre 

wp/w normalized ~ l a s m a  frequency 

Collision cross-section 

V/U no-izeci collision frequency 

charge of one electron = -1.602 x 

Gas constant = 1.987 cal/mole % 

Entropy 6 

coulomb 

Temperature In OK (=5/9O Rankine )  

Time 

Velocity 

Average electron velocity 

Attenuation constant 

m s e  conktant 

Phase constant for a p t y  space 



r = p -jd conplex wave PrcFLgetion constant - 
= 2$zd.ic Green's f x x t i o i i  

A = %hidmess of shock layer 

& = 
E w v a l e n t  plasma layer thickcess 

- - "mty space p r n i t t i v i t y "  = 8.854 x faraqmeter 
I # 

= e,. - j 
= Collision p a r a e t e r  (Spi tzer :  Fhysics of N l y  Icnlzed Gases) 

complex relative pemitt ivity 

= Anmar frequency = 2 S  

- - GF;S density,. reflection coefficient 

= : : c d  air density = 1 . 2 t ~  x 10-3 &a3 
= 2 . 4 9  10-3 s)ae/ft 3 

= Ccnplex transmission coeff icieat 



11. Iievlew of Subject Areas. . . . . . . . . . . . . . . . . . .  2 

A. Structure of the Shock Layer. . . . . . . . . . . . . .  3 

B. Electr ical  Properties of Shocked A b .  . . . . . . . . .  9 

c. YkdluIn constants of Plasma. . . . . . . . . . . . . . .  ll 
D. Vave Frogogation "Through the Shock Layer. . . . . . . .  12 

111. Computation Method for  Estimates of the Re-Entry 
Attenuation. . . . . . . . . . . . . . . . . . . . . . . .  17 

A. S h p l i f i e d  Model of the Electr ical  f"lar- 
F i e l Z P r a p e r t i e s . .  . . . . . . . . . . . . . . .  .a 

B. Sircpllfied Wave Fropagation Model . . . . . . . . . . .  22 

IV. hWuat ion  of the lkrcury MA-6 Flight. . . . . . . . . . . . .  28 

Apndic les: 

A. lion-Equilibrium Xlectron Densities in H i g h  Temperature Air 

B- XLectron &nsity and Collision Frequency of Shocked Air 
at E tpillbrium 

C. Nonun!forn Wave Fropagation 



FLATS OrFFlCE E3C;EilJICAL XFOHZi NO. 2 ( x-520-62-92) 

Attenuation I n  Re-&t ry  Co3munications 

by 

F. J. Tischer 

I. Introduction: 

In considering comuications t o  and frm a vehicle re-entering 

the  atmosphere at hi@ velocity after a apace mission and attempting 

c q t e  nunerical exBylples, one faces in the various phases of this 

work the following basic problem: How far should one go w i t h  the rQor 

anci accuracy of the ccanputations, or differently fomubted, how far iS 

one allowed t o  go w i t h  simpll2ications, approximetions and neglecticns? 

It seems from a review of the few published examples that this problem 

is not taken properly i n t o  account. 

programs are used i n  certain phases of the work while in others, perhaps 

as inportant, row cpproxhations are being applied sirmiltanearsly. 

On m e  hand elsborate computer 

It is the purpose of this report t o  review the s ta te  of knowledge 

and the computation methods in the various subject areas involved in 

re-entry cannunicatlons from this vieypoint and t o  develop simplified 

conputation procedures f o r  estlzates of attenuation and blackout conditions 

a t  re-entry with approximations evenly distributed over all phases. 
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In +&e nain sections of t h i s  study, the probleos, particularly the 

conputation methods, are t reated in a rather sketchy manner dictated by 

the great nunber of subJect areas involved. 

nore detailed treatments in the various appendicies. 

corrtains the review of typical  cangutation methods In the various phases 

of' solving this ccmmnications problem. 

derivation of the conputation model, and In the th i rd  part, this m o d e l  

is applied t o  the Jkrcury flight, MA-6. 

11. Review of SubJect Areas: 

They are supplemented by 

The first part 

The second part deals w i t h  the 

The consideration of t ranszi t t ing signals through the plasma layer 

about the body re-entering the atmosphere a t  high speeds c.an be divided 

ug I n t o  two @s: Firs t ,  the determination of the e lec t r i ca l  properties 

of'the plasma layer surrounciing the vehicle as the resu l t  of aerodynamic 

heating end second, the actual wave propagatlop. problem. 

In dealing w i t h  the f i r s t  problem, we can describe the e l e c t r i c a l  
1 

p o p e r t i e s  In the plasma layer by a re la t ive  p e m i t t i v l t y  E y  and a 
conductivity d , o r  conbining both, i n  a simpler form by a c q l e x  

relat ive permltt ivlty E y =  

quantit ies or t h i s  quantity knosm, we can then coIcpute the propagation 

problem 'by conventional methods. 

I 
E:' as a since quantity. With these 
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A. Structure @f the Shock Thyer 

The electrwagnstic mcilua progerties and Er depend mijly 

on the aerodpeclic and thenodynamic c b s e c t e r i s t i c s  of the highly non- 

uniform shock layer. The shock layer, structurally,  I s  a flow f i e ld .  

Large variations of tenperatwe, density, and colnlposition are encountered 

i n  the various regions. The varying mbient  a i r  data along the t raJectory 

of the vehicle as i n i t i a l  condltiom ccnplicate additionally the computations. 

A t  present, considerable e f for t s  a r e  being made t o  develop inproved camputa- 

t i on  nethods and program fo r  antilyses of the structure of the shock layer  

by including non-qyilibriw effects  and transport gkenmena. These con- 

siderations, unfortunately, coxplicate the computations t o  such an extent 

that t h e  intro&xtion of simplificaticns and neglections represents one of 

the primary problems as outlined previously. 

For the purpose of analyzing the structure of the shock layex, 

we can subdivide the h y e r  in to  regions which have dis t inct ly  different  

properties and fo r  which different congutation methods have t o  be used. 

The aain region of the layer consists of an approxkately Inviscid flow 

f ie ld  which I s  bound outside by the shock front snd toward the body by a 

viscous boundary layer. The stagnation region in front  of the body, the 

flow f i e l d  surrounding the body, the expansion region along the af'tcr-body 

and the wake are the main regions. 
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In discussing the f l m  f ie ld,  the s izz les t  model is based on 

the themodpanical ly  perfect gas w i t h  a frozen cosipcsltion. The naxt 

step toward a more real is t fc  cpproach i s , t o  consider real gas including 

ionization t u t  w i t h  chenical a d  thermodynamic equilibrium. With thie 

assuzqtlon, the reaction ra tes  are inf ini te .  

sophistication, w i t h  considerable e f for t s  spent for it, I s  t o  permit 

The next step of increased 

loca l  themodyzmmic norrequillbrim and using f i n i t e  reaction ra tes  of the 

physico-chefical reactions. To incluCe these effects  in the conputation 

brings on enomous difficulties corpunded by a lack of accurate data 

which e e s  the practical usef'ulness of such sophisticated models qpestlon- 

able. It should be noted, however, that rcore rigorous computations are 

necessary t o  M n e r  the unkr s t andbg  of the basic physics of the plasma 

phenoaena. The received data w i l l  be necessary in future computations. 

At present the flow f ie lds  are usually coquted on the basis 

of a gas in themodynanic equilibrium with the non-epilibrium effects and 

the viscosity and the effect  of the baunikry layer in t rohced  as a pertur- 

bation of the original f ie ld .  

This solution of the equilihriun problem st&s w i t h  the 

funbaental  flow equations for  an I d e a l  gae 
I 

- - VP, m - d i i  
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Besults of equilibrium analyses for specific forms of bodles, usually 

shapes conposed of spheres and cylinders or cones,for specified dtitudee 

and velocit ies can be feud in the l i t e ra ture  (1 t o  5 ) .  

A comparative study of flow f ie ld  characteristics under 

equilibrium conditions was published by Ridyard ( 6 ) .  

The assumption of equilibrium presupposes tha t  the relaxation 

times of the thermo-chemical effects  are small compared w i t h  the t rave l  

times of the particles.  

assumption is certainly no longer Y a l i d .  

in ccmpt ing  the electromagnetic properties of the shock layer where ionl- 

zation and recombination affects considerably the electron density and 

hence the propagation properties . 

At high velocit ies and body &Imensions, th i s  

This becomes particularly Important 

The primary electron-forming and electron-eliminating two-way 

reaction is 

N + o + 2 . 0  e v e  N O  + + e-, 

which i n  turn depends on the par t ic le  densities of atomic N and 0 a d ,  

therefore, depends on the processes forning these par t ic les  and on the 

themodynamic conditions. Direct dissociation, interchange reactions, 

and all the other chemical reactions axe therefore important (7 t o  10). 

Since pract ical  computation prograns can include only a limited number 
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of reactions, the selection and consideration of, those reactions whlch 

are  Important seems t o  be one of the main problems. 

errors  introduced by the neglections have t o  be known end or acceptable 

magnitude. Bortner (ll) gives an account of the various reaction rates 

and shows the e f fec ts  of a f f e r e n t  combbations of reactlone. 

Figure 1 (frornn) presents the results 1~ graphical form. 

shows the electron density of a p L s m  as a function of the available 

reaction time consl&ring the four most important reactions indicated 

in the figure. 

conditions behind a normal shock at  76 M4 (250 Kft) a l t i tude and 7.6 XM/Sec 

(25 ICPt/Second) velocity. 

particles along streamlines in the flar fielcl. gives an indication whether 

or not equilibrium computations are permissible. Also, the approximate 

errors for  t rave l  times smaller than the t ransi t ion period T (see Figure 1) 

Berewith, the 

The diagram 

The terminal s ta te  is represented by a i r  a t  equilibrium 

Combining these data w i t h  the t ravel  times of 

can be estimated. 

Applying these data and the resul ts  of experiments of shock wave 

diagnostics using'rnicrwaves (AVCO Everett, Res. Rep. 105) t o  a re-entering 

&rcury $chicle w i t h  a velocity of approxinately 6.1 KM/Sec (20 Kft/Sec) 
A 

and distances of approxlnately 1 meter ( 3  f ee t )  from the stagnation region 

t o  the shoulder of the vehicle around which the a i r  has t o  flow, and w i t h  

the saae distance from the shoulder tc the propagation point t o  and frm 
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the(C-band) antenna, we find a time of approximately 1.6 x lC-4 second8 

which is large coinpared w i t h  the relaxation t i m e  T in Fi,we 1. 

t i o n  of flow f i e lds  in thermodynamic equilibrium seems hence an acceptable 

approximation in computations involving the Mercury capsule or vehicles of 

similar sizes. 

Considera- 

Heretofore, the flow f ie lds  were considered under the assumption 

of a thin boundsry Layer which can be t r ea t ea  separately and in t robced  i n  

the c a w t a t i o n  as a perturbation w i t h  eventual re-calculation of the 

inviscid flow f i e l d  based on buundary conditions modified by the boundary 

layer. 

a l t i tude  conditions where the influence of viscosity and of transport 

phenomena and hence the boundary layer extend over a considerable part 

of the shock layer. 

This procedure becomes, however, unreal is t ic  in the case of higa 

The preceding considerations were based on the assumption of 

uncontaminated air. In rea l i s t ic  and rigorous considerations, the effects  

of ablation and rellated phenomena have t o  be taken into account (19 t o  22). 

The effect  of contaminants and additives i s  important i n  conmunications 

also for other reasons. 

a r t i f i c i a l l y  the electromagnetic properties of the plasma layer f o r  improving 

conmunications. 

ra tes  (22) by contaminants, injection of electro-negative ions and other 

Such effects represent one way of how t o  affect 

Cooling effects (19) changes of the chemical reaction 

e f fec ts  axe of interest  and a r e  a t  present under Investigation. 
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In  the case of body shapes typical fo r  manned space missions# 

the propagation path along which the signal-carrying waves travel, contains 

regions of separated flow which have properties similar t o  those In the 

near-wake. 

l is ted in the bibliography (15 t o  18). 

Several a r t i c l e s  dealing w i % h  the properties of the wake are 

-eying t h i s  rather sketchy review of the status of flow f i e l d  

CdculatiOnsJ one obtains the definite inpression that an accurate computa- 

t i o n  of the flaw field data, a t  present, is  not POSSibk because of the 

lack of basic infomation (accwate data cf r e a c t k z  rates, particularly 

w i t h  contaminants, effects  of transport phenomena and viscosity, flow 

fields in expansion regions and near-wake, and separated-flow data). 

This situation suggests that approximate coxpatation methods 

making the best possible use of available data, and introducing simplifiecl 

assumptions and approxbt ions  u n i f o d y  distrib.Jted i n  the various phases 

of the computation seems, a t  present, t o  be the beet approach i n  canputing 

the overall  efl’ect of re-entry on the s igca l  transmission. 

With th i s  basic conclusion as background, the computation of 

the electromagnetic properties and the wave propagation are considered in 

the following sections. 

but rigorous formulations a re  considered br ie f ly  a lso  which may be of 

in te res t  in more accurate calculations in the future. 

Simplifications are  introiiuced wherever possible, 
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B. Electrical  Properties of Shocked Air 

TGe first step in computing the passive e lec t r ica l  propertlee 
1 

of the Ionized air in the shock layer consists in the determination of 

the electron density and collision frequency as a function of the 

location w i t h i n  the layer. 

average par t ic le  density of the various constituents and the i r  tempera- 

tures. 

f o r  specific operational conditions, nanely altitucie and ve loc i t j  according 

t o  well-established principles of thermodynamic and physical chemistry and 

quantum theory. The equations by which the various microscopic quantities 

such as par t ic le  densities N, pressure P, andtemperature T are Inter- 

re la ted  are sham in 4pendix B. 

These quantities can be computed front the 

For t h e w  and chemical equilibrium, these data can be ccxputed 

The electron density Ne I s  then given by 

Ne =--L,C, f ) 

Po 
and 

where p/f0 is the 'mass density ra t io  of air, Lo the Loschmidt numberl and 

where Cl represents the particle concentration of the i t h  species. "he 

quantity '6 is  the equilibrium constant for  the nth ionization process. 
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Tables e re  availakle fcr the electron tiensity and the other 

data for hot air at equilibrium as a f'unction of temperature T and density 

ratio?& . 
passed through a normal shock front at various operational conditione 

(altitudes and velocit ies),  combination of both yields the electron 

density.mder these condltions. 

published by Sisco and Fiskin (27). 

Since these l a t t e r  i t a  a lso  are  h a m  f o r  a i r  after it hae 

Figure 2 shows a graph of' these data 

The Second quantity required f o r  the description of the medium 

properties of the plasma layer i s  the electron collision frequency. This 

qpantity, as an approximation, is  the  sum of contributions resulting frcan 

collisions w i t h  electrons, positive ions and the various types of neutral  

particles 

where l+ and)+ are  the contribution by the col l is ions w i t h  electrons and 

ions respectively, and where Ni and 

col l is ion cross-section of the f th  neutral  par t ic le  species respectively. 

A comparison of the contributions by the various par t ic le  species shows 

that the contributions by e las t ic  col l is ions by the electrons as well as 

those by the ions can be neglected i n  approximate coinputations up t o  6OO04C. 

I n  this  t eqe ra tu re  range the main contribution results from e l a s t i c  col l is ions 

aze the par t ic le  density and 
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with neutral particles.  

the molecules and a t @ m S ,  R2J %,l:OJ an3 X, and 0. The v d u e s  f o r  the 

cross-sections reported by various investigators d i f f e r  considerably 

so that accurate calculations seem not  possible at present. 

l r s t i n g  of the values available i n  the l i t e r a tu re  was published by 

Bachynski and co-workers (30). 

values of the cross-sections extracted from the l i t e ra ture ,  which can 

be used I n  combination with diagrams f a r  the par t ic le  delzslties Ni by 

Sisco a d  Fiskin (27) in eir 2s a func t ia r  of teuperature T% and density 

*etio q/qo 

The neutral  par t ic les  ca-asing collisions are  

A detailed 

Figure 3 shows in diagram form averaged 

fo r  computing the collision frecpency. 

C .  Medium Constants of Plasma 

The electrical. properties of plasma can be described simplest 

by a cozplex permittivity (42) writing 

€ =  

Assuption of 

collision * 

where 

and yields 

I 
(4) 

a Boltzmann-libwell velocity dist r ibut ion and a constant 

frequency pernits evaluation of the integral  i n  

3 I,. 3 a f o  , - ; dv= - -N  
431‘ e ’  
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In Eq. ( 6 ) ,  p = op/w denotes the angular plasma freqyency normalized with 

respect t o  the operational frequency 0 , where 

The parameter Q represents the normall zed coll ision frequency ( =y/o). 

It is noted that Er is related t o  the index of refraction by n =Er. 
D. Wcve Fropagation Tfirou& the Shock Layer 

With the above medium constants, w e  can describe the propagation 

of plane waves i n  a uniform medium. We write for the e l e c t r i c  f i e ld  

intensity 

- 
where f i s  the propagation vector with the angle indicating the 

direction of wave propagation and with I ts  magnitude, 

representing the complex progagation constant. 

permittivity, we f ind  

Substituting the complex 



Combination of Egs. (7), (8), and (9) and normalization yield 

I The gymt i t l e s  

pb . Evaluation of w i t h  respect to the phase constant for empty space 

Eq. (10) gives for these quantities 

and d are the phase and attenuation constants normalized P’ 

Reflections a t  a syarp boundary between plasma and empty space 

can be taken into account by a c o q l e x  ref lect ion coefficient w h i c h  is 

With th i s  quantity, we obtain as the relative power transmitted through 

the d lsconthui ty  a t  the boundary 



Eventually, the reflections can be taken in to  account by a logarithmic 

attenuation factor  w h e r e  

The computations involving the attenuation and phase constants 

can be considerably simplifies by the introductlon of q p r z x h t t  equations 

which are  val id  in particular regions of the values of these quantities. 

Usually, a t  high al t i tudes the norrodlized col l is ion frequency i s  small 

(q<< I ). 

f o r  p, one for p < 0.5, and one f o r  p > 1.5, we find: 

Under these conditions, and distinguishing between two regions 

(14) 
I p > 3  : a *  p .  

I In the  t ransi t ion region, when 0.5 (p  (1.5, d tiepends considerably on 

the col l is ion term. We find: 

In t h i s  region the  rigorous Eq. (12) has t o  be used f o r  the computation 

of the attenuation. 

In considering the actual wave propagation through the plasma 

layer,  the nonkiforni ty  of the' medju  bas t o  be taken into account. The 
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following method described i n  the l i t e r a tu re  (35) can be used. The 

method i s  based on a successive approxlmtion, where the f i e ld  in tecs i ty  

I s  writ ten as an asymptotic se r ies  
00 

h= I 
The first  term results from rediation in a uniform ne2lum w i t h  average 

m e a m  constants. The following terms represent the deviations from ' 

the f i rs t - term intensity. For the deviations, a recursion formula 

The method is outlined in  more detail i n  Appenaix C. 

The described method has the advantage that approximations of 

arb i t ra ry  degrees of accuracy can be derived by neglecting higher order 

terms and choosing an appropriate coordinate system. 

A dras t ic  simplification i s  obtained by considering layers w i t h  

the m e d i u m  stratif ied in the direction of one coordinate only. The 

resul t ing f i r s t  o r F r  approxination is then, assuming plane waves, 



entering a layer w i t h  a relat ive permittivity 

E )c (F') = I + A € ,  (2') j 

We write for the complex permittivity which does not deviate strongly 

from one 

We obtain finally 
z 

0 

where the integral  represents the attenmtlon i n  Nepers. The t o t a l  

attenuation in DB is z 
R, DB = 8,686 I d E  dz 

'0 

mis quantity can be corrected by terms A&, if  greater accuracy IS 

desired. We obtain 

= R, +ZAR 9 )  
OB 

Y 
tot R 

where the additional terms may take into accmnt the geometry of 
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radiation, the antenne structure, reflections, and other effects. These 

terns can be derived from the higher order terns of Eq. (15). 

Equation (19) also shows that the reflections in media with 

slowly varying medium constants can be neglected. These conditions are 

fu l f i l l ed  in the case of large vehicles typical f o r  manned space flight 

which also usually are  surrounded by thick shock layers. The conclusions 

w h i c h  have t o  be drawn from this review a r e  not i n  favor of accurate 

computations. 

f i e l d  and propagrLtion phenomena are taken in to  account, involve 80 many 

Such computations i n  which most of the Important flow- - 

parameters that a solution is almost impossible. Differences of experi- 

mentally obtained data necessary i n  the computations and published by 

different investigators also decreases the value of accurate computations. 

111. Computation Method for  EstFnates of the Re-Entry Attenuation: 

The preceding review of the subject areas involved in re-entry 

communications shows that approximate methods f o r  estimates of the 

effect  of the plasma layer on the signal zransmission seems t o  represent 

the most appropriate approach i n  solving t h i s  problem a t  present. Here- 

w i t h ,  it is desirable t o  distribute the simplifying approximations 

uni fomi ly  over all phases of the computation. Development of an 

approximate computation procetture is the subject of the following 

sections. 
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The computation of re-entry cornmications can be divided up I n t o  

two parts: 

frequency I s  determined as a function of the position within the shock 

Firs t ,  the distribution of the electron density and coll ision 

layer. Then, the wave propagation problem is t rea ted  in  a conventional 

m e r  applying the data obtained in Fart 1. 

A. Simplified Model of the Electr ical  Flow-Field Properties 

The first part involves the e lec t r ic  characterist ics of the flow 

field. Since the computation of flow-field data with desirable accuracy, 

a t  present, is almost impossible, we express the electron density and 

col l is ion frequency without knaring the actual s t ructure  of the flow 

f i e l d  In a generally val id  fom as follows: 

The various F a n t i t i e s  i n  these equations are: 

Ne, y . . Zlectron density and col l is ion frequency 

i n  an arbi t rary point of observation 

within the shock layer. 

Ns, y ,  The CI quzntities behind a n o m d  shock 

at  an a l t i tu2e A cnd a velocity V. 
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X/D - The distance along a near-body streamline 

n o m i z e d  with regard t.0 the  bo&y diameter. 

Distance from body t o  the point of observation 

across s t reml ines  normlized w i t h  regard t o  

shock layer thickness A . 

YIA 

F G . Functions of x/D, y/A, A, V, and B which 

indicates the body shape, and of other 

parameters. 

We search next f o r  approximate functions f o r  F and G using 

the thermodynamic and e lec t r ic  characterist ics of f l w - f i e l d  examples 

published i n  the  literature ( 5 ,  6). The available data are those of 

flow-fields around shapes composed of spheres, cones, and cylinders. 

Figme 4 shows typical  distributions of the electron densi t ies  and 

col l is ion frequencies across the shock layer at the position A and B 

obtained by evaluation of data from the  l i t e ra ture .  

typical and suggest the approxinate representation of the electron 

density and collision frequency by the  following flulctions: 

exponential f’unction f o r  the electron density, while the col l is ion 

frequency can be expressed by a constant. Since the  basic fonn of 

the electron dis t r ibut ion i s  sb i la r  f o r  different  values of x/D, we 

apply a pro6uct presentation of F and w r i t e  

The diagrams axe 

an 
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where 

The f'unction F1 describes the oariation of the electron density along a 

near-bow streamline, where the electron density is approximately a 

maxinum, F2 represents the variation across streamlines i n  direction of 

wave propagation and F is  a correction factor  which takes in to  account 

eventual effects of ablating materials. 
3 

Similarly, we write l o r  the distribution of the col l is ion 

frequency 

and we assume f o r  G2 unity. 

With these assumptions) we f ind f o r  the e l ec t r i ca l  data within 

the shock layer 
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The next step is t o  investigate Fl(x/D) and Cl(x/D) which 

describe the variations of the maximum of the electron density and of 

the coll ision frequency along a near-body streamline. Figure 5 shows 

the longitudinal distributions for the same example (with the geometry 

indicated i n  Figure 4). We observe large v6riations over powers of 

magnitude of Ne sn? ccisicierably smaller variations of ye. 

useful t o  express F 

It seems hence 

and G by logarithmic functions so that 1 1 

Since the f'unction of f 

we do not introduce any particular f'unctions. 

and g 
1 1 

depend considerably on the body shape, 

It is noted, however, 

that for  a given pos i t ion  of the antenna along the body, the values F 

and G1 or fl and gl are constant fo r  a given altitude andveloclty. 
1 

Tbeir rmgnitudes have t o  be determined by flow-field calculations or in 

real-fl ight experiments 

"he question ar ises  now as t o  which extent the functions F1 

and G1 are  aPfected by changes of a l t i tude and velocity. 

published data (40, 5 ,  6) shows tha t  the deviation of the longitudinal 

Exploration of 

distribution functions are re la t ively small i n  the region from 25 t o  80 KM 
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(75 t o  250 KIT) a l t i tude.  This means that the above approximate presenta- 

t ion  by constant geametry factors F 

e lec t r i ca l  praperties of the shock layer d o n g  the afterbody behind x P D/2 

and G 1 1 
describes sa t i s fac tor i ly  the 

during the re-entry blackout which occurs usually i n  the region between 

the above alt i tudes.  

B. Simplified Wave Propagation Model 

In th i s  second part dealing wi th  the wave propagation problem, 

w e  hkve, as a f irst  step, t o  substitute the e l ec t r i ca l  flow-field data 

represented by Eqs. (25) and (26) into the equation for the medium constant 

f o r  the transmission Eedium, namely the complex permitt ivity of the plasma. 

These data, i n  turn, yteld the complex propagation constant consisting of 

the phase and attenuation constants as a function of the position within 

the shock layer. Usingthe equations of sections B and C of Part 11, we 

f ind 

. 9 =  Y / W  

which, introduced i n  Eq. (6) give the  corresgonding permittivity. 

The attenuation of the  signal and, consequently, the attenuation 

constant are of primary interest  in the case of the comunications 
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"blackout". 

approximate equations derived in section D of Part 11. 

For the determination of this  quantity, we apply the 

An indication of the regions of va l id i ty  of these equations 

seem t o  be appropriate et t h i s  goint. The equations are valid in the 

case of large-size vehicles, If the lengths of the transmission path 

w i t h i n  the shock layer I s  long cmpared w i t h  the wavelength and.when the 

plasm is  under-dense t o  the time when the attenuation reaches "blackout" 

values. 

Eq. (19) SO that 

Since these conditions are f u l f i l l e d  in our case, we can u6e 

where K includes the various constant - t i t les .  Substituting 

in to  the equation f o r  the t o t a l  attenuation, we find 
1 

D 

0 
integrated along the transmission path w i t h i n  the plasma. The result 

can be interpreted as follows: The t o t a l  attenuation is  proportional 

t o  the t o t a l  electron content in  a tube of one.square centimeter 
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I cross-section t h o u &  the shock layer along the transmlssion path, 

the collision frequency bebG within the shock layer as ar, approximation 

constant. This result is in ageement with the relations typical for 

ionospheric diagnostics where measured ionospheric effects usually yieId 

the t o t d  electron content i n  a column of uni t  a r e a  along the trans- 

mission path. Sutxti tuting into E%. (28) the relations for the e lec t r ica l  

flow-field characteristics, we obtain 
00 

0 
where the integral was extended t o  inf ini ty .  The extension t o  inf in i ty  

is y c m i z c i b l e  siccle the shock layers have i n  most practical  cases such 

a thickness tha t  the electron density has decayed at the obliqle shock 

f ront  by several orders of magnitude. 

function f o r  y>A is hence negligible. 

The contribution by the exponential 

Evaluation of the integral which has the basic form. 

yields 

next step is tn substitute useful quantities f o r  A and k. In 



- 25 - 
analogy with skin depth considerations in electronagnetics, w e  introduce 

a so-called equivalent shock-layer thickness 

thickness of a uniform qlasna layer which gives the same attenuation aa 

the actual nonuniform sheeth- 

beccmnes Sq, so tbt 

which represents the 6,9, 
With t h i s  quantity, the integral  Eq. (a) 

From pract ical  viewpoints 6 
of the electron density at thi6 distance from the body is too sxnall t o  

give sufficient accuracy in our considerations. 

is  not very usef'ul since the decrease (l/e) e9 

The shock layer thickness 

A 8 on the other hand, is  too  large for pract ical  purposes t o  pennit a 

good approximation of the electron density distribution. 

It seems appropriate t o  introduce a distance L fran the body along the 

transmission path where the electron density has decreasedby 2 orders 

of magnitude. 

are available w i t h  acceptable accuracy in the l i t e r a tu re  and where the 

e f fec t  of deviations frm the  ickallzed exponential f b c t i o n  near the body 

is  greatly reduced. 

As a consequence8 

This d e f i n i t i o n  brings L in to  a regicn for which data 

We note that with t h i s  definition, Gen = O.h.67 I,. 

The t o t a l  attenuation in uncontanlnated a i r  and neglecting ablation 

is then 
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and finally 

where 3, and 13 are  the operational wavelengths a d  angular frequency 

respectively. Re-arranged, the equation becomes 

where Ns, p are  the electron density and collision frequency behind a 

normal shock, w h i c h  take i n t o  account the variations of qot at the 

various positions along the trajectory, where F1 and G1 are flow-field 

geometry factors  which indicate the decreases of the electron density 

8 

and collision freguency along a near-body streamline in the region of 

maximum electron density, is  the equivalent shock layer thickness 

(&eq = 0.U.l L), and f is the opera t ioml  frequency. 
eq 

The geometry factors F ani, GI, and can be obtained fran 

flow-field considerations or, they can be determined by the evaluation 
1 

of attenuation ineasurements carried through In r e a l  flight. 

Concerning the validity of EQ. (311, it should be noted t h a t  

the eqyation can be applied during re-entry i n  direction toward lwer 

a l t i tudes  down t o  the point shortly before the actual "blackout" starts 

m d  again, however w i t h  cciution, a f t e r  "blackout" when the plasma layer 
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becomes under-dense. 

Gver-dense and the attenuation increases very rapidly t o  extremely large 

values. I n  this region, we can use for the plasma characterist ics the 

spgroximation Eq. (14) fo r  p>3 which yields for the t o t a l  attenuation 

After "blackout" has started,  the plasma became8 

In the t ransi t ion region and when the collisions are no longer 

negligible, the qproximate e p t i o n s  are inzdeqyate and the rigorous 

EQ. (12) has t o  be applied. 

In considerations dealing with'the time when a re-entry vehicle 

enters "blackout", Eq. (32) is of minor importance. amever, if the 

electron density is large and the shock layer contains an over-dense 

region, t h i s  equation becanes interesting insofar as it indicates that 

under these conditions the t o t a l  attenuation becomes frequency independent. - -  

The reduction of the equivalent thickness 6 is  then the main contri-  eq 
butor t o  a decrease of the attenuation. 

not contain the frequency as a variable parameter needs f'urther 

investigation. 

The f a c t  that Eq. (32) does 

Returning t o  Eq. (3l), t w o  problems should be noted also: One 

is the effect  Qf reflections of the waves w i t h i n  the shock layer, the 

other is the effect of the boundary layer. Since the gradient of the 
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permittivity is small  i n  the case of large vehicles, the effect  of 

reflections can be neglected. 

conditions , already included In Eq- (19) . 
t ions,  the higher-order terms of Eq. (15) w i l l  take in to  account the 

effect of the reflections.  

wave approach, solutions of the wave propagation problem lead t o  second- 

order d i f fe ren t ia l  equations w i t h  variable coefficients. A direct 

Wave reflections are, under these 

For more r igorow considera- 

In rigorous computations based on the plane 

solution of this equation by electronic computers may be s b p l e r  than 

the successive approximation method considered previously (39). 

The ef fec t  of the baunriary layer can be taken in to  account in 

simplified computations by reducing the equivalent plasma layer thickness 

bes by the thickness of the boundary layer. 

AT. maluation of the Mercury MA-6 Flight: 

L e t  us apply the computation methods outlined above and Eq. (3) 

in considering the re-entry "blackout" of the Mercury Flight MA-6. 

L e t  us proceed, herewith, i n  the following manner. Since fieldstrenght 

data are  available a t  several frequencies, w e  can use the data at one 

frequency for  obtaining the geometry factor F1 and G1 and then use this 

factor fo r  checking the "blackout" time at one of the other frequencies. 
I 

Sirnultaneously, t h i s  example shows how t o  use Eq. (31) and huw t o  obtain 

the various quantities involved. The example may also serve fo r  further 

explanations. 
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The t ra jectory data ,‘ram MA-6 re-entry are  shown i n  Figure 6 by 

plo ts  of. al t i tude and velocity versus time. 

Let us next r e -mi t e  Eq. (3)  with a l l  variables included; 

We observe that Ns, ps, the electron density and col l is ion frequency 

behind 6 n o m a  shock are f’unctions of a l t i tude  and velocity. These 

quantities have t o  be determined and plot ted f o r  the par t icular  

re-entry trajectory, i n  the present case based on the data of Figure 6. 

Instead of p lo t t ing  Ns, it i s  useful t o  substitute’ the corresponding 
3 

plasna freqyency fpB which is related t o  N, by frs Q 9 X  10 \rN, 
Figure 7 shows p lo ts  of the plasma and col l is ion frequencies along 

the trajectory versus f l i gh t  t i m e .  

The geometry factor F1 (B, x/D), which takes in to  account the 

reduction of the maximum electron density along the near-body strem- 

l ine  far ther  back on the body, depends mainly on the body shape and the 

position along the streamline. 

functions of the same parameters. 

body shape and a fixed,position of the antenna on the boCiy, the f’unctions 

The quantities G1 and 6 are mainly eq 
It should be noted tha t  f o r  a given 

Fl, G1 and 6 
they can eventually be l-ed together in one constant which then can be 

deternined by real-f l ight  experiments. 

are as an approxiriation constants. As they are known, 
eq 



- 30 - 

In our considerations, w e  use first  rough estimates obtained from 

inspection of Figures 4 and 5. The plotted data suggest that 

= fl(+) for the body shape of tke hkrcury 6 can be log10 F1 
assumed t o  be between -1 and -3, As a consequence, we assume 3 values 

fl = -3, -2, and -1. 

which may come close t o  the actual value. 

For loglo G1 = gl(x/D), w e  choose gl = -1 

Figure 8 shows p lo ts  f o r  

the maxirmrm plasma frequencies 

values of fi and the col l is ion frequency Y for gl = -1. 

f pl’ fp2, = d f  f o r  the 3 assumed P3 

A rough flow-field consideration yields for  the equilibrium shock 

layer thickness w i t h  the present geoaetry i n  position‘of the C-band 

antenna b 33 an. 
e¶ 

If we now compute the.attenuation f o r  an operational frequency of 

5.5 GC d z a g  the trajectory caused by the plasma sheath and p lo t  its 

values as a f’unction of time downwards from a level  without plasma effects,  

w e  obtain the 3 curves sham i n  Figure 9 by the dotted, dash-dotted, 

and dash-double-dotted l ines .  (The attenuation in the t ransi t ion region 

fron under-dense t o  over-dense plasma was computed by the rigorous 

Eq* (W.) 
Camparison w i t h  the Actual measured attenuation by the radar s ta t ion  

i n  San Salvadore. during the IN-6 re-entry, indiccted i n  the figure by 

the s o l i d  l ine,  shpws that  the actualvalue for F1 seems t o  be around -2.5. 



C z r r y i n g  through the s a e  C Q - r i p t s t i O n S  f o r  th?. telenetry frequency 

2.60 nic, the corresponding curves are shown in Fiwre 10. 

that a sonewhat larger negative value, fl = -2.7 

"blackout" tbne. 

are located f'urther back on the body of the XA-6 vehicle where the 

geometry f ix tor  shows 

h'e observe 

gives the correct 

This seems reasonable since the & t e r n  for  telemetry 

a d d i t i x c  &crease of the electron density. 

F.  J. Tischer 
Staff Piember 
Flans Office 

Eeed, Flans Office 



Non-Equilikrium Electron Censity in H i g h  Temperature Air 

The gas with ambient composition and characterist ics entering the 

shock layer in f ront  of a re-entry vehicle is  highly compressed end 

heated. 

energy distribution and the thennodynamics of the gas end consequently 

Physico-chemical reactions take place which change the internal 

also its e l ec t r i ca l  characteristics. Mssociation, ionization, and 

re-combination are the m a i n  contributions t o  the change of the 

characterist ics of the nedlum in the shock l a p r .  

computations, a l l  the reactions have t o  be taken into account 

considerable e f fo r t s  are made in studies of the various reactions and for 

In rigorous f l w - f i e l d  

A t  -present, 

obkaining figures for the reaction ra tes  and cross-sections. 

In considering a variety of reactions, Bortner has shown that the 

following four reactions yield the main contributions t o  the content or 

electrons, and are thus of particular hqortance in considering the 

interaction with electromagnetic waves. 

1. 

2. 

3. 

4. 

These reactions are: 

O2 + x + 5.1 e v e  0 + o + X, 

N2 + G +53 el? e NO + W , 
N + 0 + 2.8 e V  e NO+ + e’ , 
N2 + X + 9.8 eV* N + N + X. 

The rate constants and equilibrium constants for  the reactions in right- 

hand direction are: 

(33) 
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k a  = 2.5 t o  25 x T3 (D/RT) lo5  e q  (-D/RT), D = U8,000; 

k a  7 x d3 e- (-75J5°0/m); 

6.4 x 19 d exp (-63,29O/RT); 

1.7 t o  20 x ld2 T* (D/Ic11)2 exp (-D/RT), D = 224,900. 
kd3 = 

kd4 = 

The ra t e  constants f o r  re-combination kr,, a re  re lated t o  the above dis- 

sociation rates  by the equilibri? constants K, = ka/kru: 

- - 1.2 x lo3 T-4 exp (-D/RT) moles/cm 3 , 0 = 118,mr 

% =  4.5 x eq ( - 7 5 J 5 ° 0 / m ) J  

K3 = 3.6 x io-  exp (-63,29O/KT), 

K4 = 18 exp (-D/RT), D - 224)qOO 0 

The electron density af ter  a t'me A t  considering as an example only 

the number 3 reaction is then 

where 

Taking into account a lso the other reactions (2 t o  4),  we have a s y s t e m  

of six simultaneous different ia l  equations. 

Besides the composition, temperature e f fec ts  have t o  be considered 



which can be described by 

where : 

Ni part ic le  density of species i reacting in reaction 1, 

NJ part ic le  density of species 3, 

molar heat capacity of' species 3, 
cPJ 
hi heat of reaction i (1 eV =c 3.8 x cal). 

It should be noted that Eq.  (36) is coupled t o  the par t ic le  density 

equations since the r a t e  constants for the various reactions are 

temperature depndent . 
In considering non-equilibrium condftions, the flow field is sub- 

divided Into strean tubes bound by equilibrium streamlines, and the 

reactions a r e  computed along the path of the par t ic les  withh the tubes. 

A large number of stream tubes has t o  be considered'due t o  the large 

gradLents of the flow-field characteristics across the shock layer. 

each stream tube, different conciltions prevai l  which vary continuously 

w i t h  the varying input conditlons according t o  the varying a b i e n t  data 

of the a i r  along the vehicle trs3ectory. 

In 

Taking a l l  of these factors  

into account gives an indication o f t h e  conplexity of the problem. 
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Inspection of the reaction constants shows that some of the data 

(ka, kdb) depend largely on t4e type of catalyst  p a r t i c i p t i n g  in the 

reaction and denoted in tSe reactioz equstlons by X. 

more than one catalyst  further coaplicates the problem. 

be noted that the inaccuracies in analyses and experiments iavolvFng 

reaction rates are considerable. The inaccuracies on one hand and the 

ccaglexity of the non-equilibrium computations on the other hand make the 

pract ical  usefulness of more rigorous cmputations, before %he Influences 

of the inaccuracies andbefore the effects  of neglections of the various 

reactions are known, questionable. 

The presence of 

It should also 



PSPENDM B 

Electron Density and Collision Frequency of Shocked Air a t  EQuilibrlum 

The electron density Ne and the coll ision f'reqyencyy are needed 

as parameters in the computation of the e lec t r ica l  properties of air. 

In these computations, the various physical quantities and obsembles 

are interelated by the following equation: 

p = Q ci I 
M i  

(37) 
I 

where P is the pressure, 

the average molecular weight, and where .the constants C are connected 

t o  the particle densities Ni by Ci = 

the mass density, Ro the gas constant, M 

i 
Lo)-'* .me constant Lo 

denotes the Lcschmidt number acd - 6 i s  the mass density r a t i o  (see 
eo 

list of symbols). 

The electron density is  then given by 

and Ce, as an approximation, by 

"he constants Kyare the equilibrium constants f o r  the ionization 

processes involving NO, 0, and N (given by Hochstim (20)). 
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Tables are available which give the values of the electron density 

f o r  equilibrium air a t  a temperature T% and density r a t i o  

variable parameters (23 t o  2‘7). 

as 
elf0 

In combination withetables for  the temperature and density ratio 

of air af ter  it has entered a normal shock i n  f ront  of a body traveling 

a t  a specified velocity ic eir at. e specified al t i tude,  we obtain tke 

electron density for these operational conditions (see Fig .  2). 

It should be noted tha t  these data also can be applied as an 

approximation t o  a i r  a f t e r  traveling through an oblique shock f ront  

using the velocity camponent normal t o  the shock front as the velocity 

parameter 

The other qpantity required for the definition of the e l ec t r i ca l  

properties of ionized air i s  the electron coll ision frequency. 

t o t a l  coll ision frequency consists of contributions by coll isions with 

The 

electrons, ions, and neutral .particles. We can write 

I 

where, as an approximation, the t o t a l  coll ision frequency i s  the sum of 

the collisions with the particles of the various species. 

Ni and C+ are the number density and collision cross-section of the i th  

species respectively, and <V,> i s  the average electron velocity given by 

The quantit ies 
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In Eq. (41) which is obtained ossming R Boltzmann-lfmell velocity 

dlstribution, k is BoltZZnBnn's Constant, and 

electron (see l i s t  of symbols). 

the  IUS6 of the 

In approximate computations, the electron-electron collisions can 

be neglected due t o  the smal l  mss of the electrons as deflect- 

par t ic les  in comparison with that of the ions. 

coll isions with the ions is as an approximation 

The contribution by the 

where A is a p.wameter which depends on electron and ion data and 

takes into account the cal l is ion geometry. A diagram f o r  the determina- 

t ion  of Vi 

varisble paraneters f o r  single-charged ions (Iklcroix: 

is shown in Fig. l l ,wi th  temperature and ion cknsity as 

Theorie des Gaz 
/ Ionizes ) . 
Comparison of the contributions t o  the col l is ion frequency by ions 

and neutral  par t ic les  shows that, as an approximation, ion collisions 

can be neglected in air below a temperature of 6000%. 

The main contributors t o  the e l a s t i c  coll isions at medium fYempera- 

tares  a re  N2, 02, NO, 0, and N. 

account by the t h i r d  tern of Eq. (40). 

sections %, usually determined experimentally, reported by different 

experhentors d i f f e r  considerably, par t icular ly  f o r  atomic oxygen and 

These contributions are taken In to  

The values of the coll ision cross- 
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nitrogen. Accurate calculations, a t  present, seem impossible. Available 

values extracted from the literature are sham in Fig. 3. 

combination w i t h  those of partlcle densities (Sisco and Fiskln (n))  
These data in 

permit the computation of the electron densities and the average coll ision 

frequencies dependent on the operaticaal conditions. 



AF!eENDIx c 

Nonuniform Wave Propagation 

"he follaring method (34) considering wave propagation in a non- 

uniform medium based on a successive approximation has the advsntage 

that, by neglecting higher order terms, one can choose arbitrarily the 

accuracy of the solution in accordance with that of the other phases 

of the computation. This pennits considerable simplif lcatlon. 

We stast with the vector wave equations and write 

where 

The electric f i e l d  in tens i ty  at a position r i s  then found to  be 
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w i t h  

representing a dyaflc .Green's Amction. 

The integral  eqpation (46)  can be solved by a method of successive 

approximation writing 
00 

n- I 
The first term re su l t s  from radiation assuming a uniform medium w i t h  

averagedme6ium constants. The follcding terms represent the deviatione 

from t h i s  or iginal  value. The deviation terms are interrelated by the 

following recursion foxmula 

If' the dimensions of the radiating structure and of the nonhomo- 

geneities are large campared with the wavelength, we can assume, as an 

approxination, a 

we write for the waves traveljng i n  theZ-direction 

one-dimensional s t r a t i f i ca t ion  (plane wave case) and 
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The first or&r apgrmimation yields 

We wri+,e for  the complex permittivity which does not strongly deviate 

from one 

and introduce the phase and attenuation constants 

so that f h a u y  

which is in agreement w i t h  the familiar equation f o r  the attenuation R 

i n  a m e d i u m  w i t h  slowly varying medium parameters: 

' Z  

d2 Nepen/kr 
R (53) 

This approximation. I s  being applied i n  section B of Part 111. 
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Evaluation of approximate relations for the.attenuatiasr of 

6~gnaI.s by the plasma sheath at  re-entry shows that the maxiDllllp 

electron density w i t h l n  the shock layer i n  front of the antenna 

i s  the m o s t  cr i t ica l  quantity on which the "blackout" time primarily 

depends. 

comptatlon of the electron &nsity at thie location as a f u n c t h l  

A simplified f lar-f ie ld model for the shock layer permite 

of altitude and velocity for  the re-entry trajectory. 

in turn, permit deterrriimtion of the approximate "blackout" duration. 

m s e  data, 
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Fig. 1 Electron density versus avai lable  reaction time with four react ions .  (GE) 

(:i. Ii. nor tncr  (11)) 



Fig. 2 

Electron density and plasma frequency 
behind a normal shock versus a l t i t u d e  

and v e l o c i t y  of t h e  re-entry body 
(Sisko and Fiskin  (27)) 
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Fir. 3 Collision cross-sections of components of high-temperature a i r ,  
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- .  1. ~ . g .  4 Distr ibut ion of e lectron d e n s i t y  and collision 

frcqucncy across shock layer of thickness A .  
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Fig. 5 Distribution of electron density and collision frequency along t w o  stream line8 
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Fig. 11 Collision frequency versus ion  density and temperature (Delcroix) 


